1. Introduction {#s0005}
===============

Spinocerebellar ataxias types 1 (SCA1), 2 (SCA2), 3 (SCA3) and 7 (SCA7) are rare autosomal dominant ataxias caused by expanded CAG triplet repeats ([@bb0055]; [@bb0170]). Among the dominantly inherited SCA, SCA7 presents additional non-neurological symptoms such as retinal degeneration and cardiomyopathy, commonly found in patients with mitochondrial dysfunction. Currently, the most common clinical scores for rating the disease severity are the Scale for the Assessment and Rating of Ataxia (SARA) ([@bb0185]) and the Composite Cerebellar Functional Severity Score (CCFS) ([@bb0050]). However, they cannot be used to evaluate premanifest individuals and their small effect size would require large numbers of patients in clinical trials, which is an issue due to the scarcity of SCA. As gene-based therapies are showing promise in preventing or reversing SCA pathophysiology ([@bb0105]; [@bb0110]), there is a need for biomarkers with effect sizes greater than clinical scores, which can be used in trials on small sample sizes.

In Huntington disease, another trinucleotide repeat disorder, magnetic resonance imaging (MRI) techniques have been shown to be more sensitive than motor or cognitive tasks to track disease progression ([@bb0195]). In SCA, longitudinal volumetric studies that measure the rate of atrophy and evaluate the effect size are not that numerous ([@bb0055]; [@bb0010]; [@bb0035]; [@bb0095]; [@bb0150]; [@bb0170]; [@bb0115]; [@bb0080]; [@bb0125]). One main study that sought to address this issue in a cohort of patients with SCA1, SCA3 and SCA6, reported on longitudinal volume loss using a 1.5 T MRI system, and the effect sizes of clinical and imaging parameters ([@bb0150]). Here, we report on patients with SCA1 and SCA3, but using a 3 T MRI system, as well as in patients with SCA2 and SCA7. The primary aim of this study was to identify robust and reliable imaging biomarkers of disease progression with very large effective sizes (relative to baseline) that can be used in upcoming multicentric clinical trials in SCA. Furthermore, most studies on microstructural changes in SCA ([@bb0040]; [@bb0070]; [@bb0135]; [@bb0010]; [@bb0075]; [@bb0100]; [@bb0085]; [@bb0120]; [@bb0165]; [@bb0220]) reported only diffusion metrics such as fractional anisotropy (FA) that is unable to properly evaluate fiber density, particularly in brain areas with multiple fiber populations. Hence, our secondary objective was to evaluate the ability of a novel tractography technique to measure brain microstructural alterations in SCA (relative to controls) with a larger effect size than conventional methods.

2. Methods {#s0010}
==========

The local ethics committee (AOM10094, CPP Ile de France VI, Ref: 105--10) approved the study. All participants were over 18 years and signed a written informed consent before they participated in the study.

2.1. Recruitment of participants {#s0015}
--------------------------------

Participants were recruited as part of the BIOSCA study (NCT01470729) ([@bb0065]) and only those who could perform MRI and complete the follow-up imaging protocol are reported: 15 patients with SCA1, 12 patients with SCA2, 20 patients with SCA3 and 10 patients with SCA7. Twenty-four healthy individuals of similar general characteristics -- median age, sex and BMI -- were also enrolled ([Table 1](#t0005){ref-type="table"}). The general characteristics of patients and controls were matched to reduce the problems of confounding factors. Subjects were excluded from the study if they were \<18 years, were unable to perform MRI, had history of significant head injury, could not complete the study protocol or unable to comprehend an informed explanation of the study protocol. Ataxia severity was evaluated with the SARA score, which ranges from 0 (no cerebellar symptoms) to 40 (most severe cerebellar symptoms) ([@bb0185]), and the CCFS, a composite score obtained from a nine-hole pegboard test and a click test ([@bb0050]).Table 1Demographic parameters of controls and patients with SCA.Table 1VariableControlSCA1SCA2SCA3SCA7\# Participants2415122010Sex (M/F)11/139/67/58/125/5Age (yr)50 ± 13 \[26--67\]43 ± 15 \[18--66\]45 ± 13 \[24--59\]51 ± 12 \[31--69\]48 ± 14 \[23--76\]Follow-up (months)24.3 ± 1.8 \[23−30\]24.7 ± 2.3 \[22--29\]23.6 ± 0.7 \[23--25\]24.5 ± 2.1 \[23--30\]23.7 ± 0.9 \[23--26\]BMI (Kg/m^2^)[a](#tf0005){ref-type="table-fn"}25.3 ± 3.9 \[20.0--33.9\]23.6 ± 6.3 \[18.2--42.8\]25.7 ± 4.6 \[19.4--37.3\]23.7 ± 4.5 \[15.4--38.7\]22.1 ± 1.8 \[19.5--25.3\]BMI (Kg/m^2^)[b](#tf0010){ref-type="table-fn"}25.3 ± 3.6 \[19.7--33.6\]23.6 ± 6.7 \[17.0--43.6\]26.6 ± 4.4 \[21.7--38.2\]24.1 ± 4.8 \[15.7--40.7\]22.7 ± 2.6 \[17.7--26.1\]SARA score[a](#tf0005){ref-type="table-fn"}0.8 ± 0.8 \[0.0--3.0\]10.7 ± 6.3^†^ \[0.5--23.5\]12.6 ± 6.0^†^ \[3.0--22.0\]13.0 ± 7.2^†^ \[0.0--24.5\]8.3 ± 7.4^†^ \[0.0--21.5\]SARA score[b](#tf0010){ref-type="table-fn"}0.7 ± 0.7 \[0.0--2.0\]13.2 ± 7.0^†^ \[1.5--24.5\]14.4 ± 6.3^†^ \[5.0--29.0\]15.2 ± 7.5^†^ \[1.0--28.0\]9.5 ± 8.3^†^ \[0.0--23.0\]CCFS[a](#tf0005){ref-type="table-fn"}0.9 ± 0.1 \[0.8--1.0\]1.0 ± 0.1^†^ \[0.9--1.3\]1.1 ± 0.1^†^ \[0.9--1.4\]1.0 ± 0.1^†^ \[0.9--1.2\]1.0 ± 0.2^†^ \[0.8--1.3\]CCFS[b](#tf0010){ref-type="table-fn"}0.8 ± 0.0 \[0.8--0.9\]1.1 ± 0.2^†^ \[0.9--1.3\]1.1 ± 0.2^†^ \[0.9--1.5\]1.1 ± 0.1^†^ \[0.9--1.3\]1.0 ± 0.2^†^ \[0.8--1.5\]CAG length--47 ± 7 \[40--62\]40 ± 3 \[36--46\]69 ± 6 \[50--75\]41 ± 3 \[36--44\]Disease duration[a](#tf0005){ref-type="table-fn"}--7 ± 6 \[1−21\]10 ± 6 \[2−20\]9 ± 5 \[1--16\]9 ± 6 \[2--18\]Disease duration[b](#tf0010){ref-type="table-fn"}--9 ± 6 \[3−23\]12 ± 6 \[4--22\]11 ± 5 \[3--18\]11 ± 5 \[4--20\][^1][^2][^3]

2.2. Imaging protocol {#s0020}
---------------------

MRI acquisitions were performed on a 3 T whole-body Siemens MAGNETOM Trio scanner (Siemens Medical Solutions, Erlangen, Germany) using a standard Siemens transmit body coil and 32-channel receive head coil array. The MRI system was upgraded during the study period and hence twelve datasets were acquired on a 3 T whole-body Siemens MAGNETOM Prisma scanner (Siemens Medical Solutions, Erlangen, Germany). Several phantom and volunteer scans were performed after the change to ensure that there was no difference in the data obtained on the new system. A 3D *T1*-weighted magnetization-prepared rapid gradient-echo (MPRAGE) volumetric image (*T*~R~ = 2530 ms, *T*~E~ = 3.65 ms, *T*~I~ = 900 ms, flip angle = 9^o^, voxel size = 1 mm isotropic, field of view (FOV) = 256 × 256 mm^2^) was acquired at baseline and follow-up for volumetric analyses. Images were inspected immediately after acquisition and those with motion artifacts were reacquired immediately. Additionally, a *T2*-weighted sagittal image (*T*~*R*~ = 4200 ms, *T*~*E*~ = 80 ms, flip angle = 120^o^, voxel size = 0.6 × 0.5 × 5.0 mm, FOV = 240 × 240 mm^2^) was acquired for each subject. The *T2*-weighted images were not included in volumetric analyses but were reviewed by a neurologist to rule out incidental brain abnormalities that could interfere with results.

Due to method development, diffusion imaging was only performed at follow-up. Diffusion data were acquired along 60 isotropic directions with echo-planar spin-echo sequence (*T*~R~ = 10,000 ms, *T*~E~ = 89 ms, voxel size = 2 mm isotropic, FOV = 220 × 220 mm^2^, GRAPPA acceleration factor of 2, *b* value = 1500 s/mm^2^). The directions were interleaved with five non-diffusion-weighted reference images (b0 images, *b* value = 0 s/mm^2^) at every 12 directions. Another b0 image with opposite phase-encode blip was acquired. The data were corrected for motion, eddy current geometric distortions, and susceptibility-induced off-resonance field distortions.

2.3. Volumetric analyses {#s0025}
------------------------

The implementation of brain volumetry markers in large trials necessitates reproducible and reliable measurement processes. This suggests the use of automated segmentation while the gold standard in SCA evaluation remains the manual segmentation. Two strategies of segmentation were thus used and compared: manual segmentation -- the gold standard -- performed by one expert using ITK-SNAP ([@bb0225]), and an automated segmentation using the Freesurfer software ([@bb0060]). Since manual segmentation is highly time-consuming, we chose to manually segment only the cerebellar vermis, the region mostly affected in this SCA and from which neurometabolic alterations were previously reported ([@bb0005]). After linearly aligning the image along the midline, the vermis lobules were delineated on the mid-sagittal slice, excluding the cerebellar tonsils (Supplementary eFig. 1). This was repeated on only four slices each to the right and left of the mid-sagittal slice due to poor contrast in subsequent slices.

To reduce the bias from inter- and intra-individual morphological variability and improve the reliability of the volume estimation, the longitudinal stream of Freesurfer version 5.3 was applied to the data ([@bb0160]). The longitudinal stream is more robust and reliable compared to cross-sectional analysis as the parcellations are initialized with a within-subject template that is created using robust, inverse consistent registration ([@bb0155]; [@bb0160]). We defined the volume of the cerebellum as the sum of the cerebellar cortex and cerebellar white matter parcellations. Segmentation of the brainstem to extract the pons was based on probabilistic atlas and Bayesian inference approach ([@bb0090]) implemented in Freesurfer version 6. The segmented images were visually inspected to detect segmentation errors and the need for manual editing. The segmentation process was however very good and there was no need for manual correction. All reported brain volumes were normalized to the total intracranial volume estimated from the longitudinal Freesurfer pipeline.

2.4. Rate of atrophy {#s0030}
--------------------

The rate of atrophy of the cerebellum and the pons, two regions primarily affected in SCA ([@bb0055]; [@bb0170]), was calculated as the percentage change, relative to baseline, of the cerebellar and pontine volumes estimated from automated segmentation, and normalized to the time between visits ([@bb0150]).$$\mathit{Rate\ of\ atrophy} = \frac{\left( \frac{\mathit{followup\ value} - \mathit{baseline\ value}}{\mathit{baseline\ value}} \right)}{\mathit{visit\ interval}\ \left( \mathit{months} \right)}$$

The same formula was used to determine the rate of change of clinical scores.

2.5. Diffusion tensor imaging {#s0035}
-----------------------------

Diffusion data with extensive artifacts were excluded after inspection. Diffusion data were not acquired for two patients with SCA1, two patients with SCA3, three patients with SCA7 and two healthy controls. Few datasets did not meet the quality control criteria and had to be rejected for one patient with SCA1, two patients with SCA2, two patients with SCA3 and one healthy control. Data were denoised ([@bb0205]) to improve the signal-to-noise ratio (SNR). Topup ([@bb0025]) and eddy ([@bb0020]) were applied to correct eddy current, motion and susceptibility-induced off-resonance field distortions. The diffusion tensor model was fitted to generate FA and radial diffusivity (RD) maps. We did not focus on axial diffusivity maps since they do not always match the underlying fiber tract direction ([@bb0130]). FA indicates fiber integrity and decreased FA usually reflects reduced fiber bundle. RD represents diffusion across the fibers and increased RD often correlates with changes in axonal diameter, demyelination or myelin injury. Tract-based spatial statistics (TBSS) with threshold-free cluster enhancement ([@bb0190]) was performed on FA and RD to compare the SCA groups with controls and to correlate FA with atrophy of the cerebellum and pons using a two-sample unpaired *t*-test with 5000 permutations. For each SCA group, a mask was created from regions that showed significant differences in FA and RD. The mean FA and RD values within this mask were then calculated for each patient and used for correlation analyses with clinical parameters.

2.6. Tractography - fixel based analysis {#s0040}
----------------------------------------

Though the DTI model is widely used, it is limited in its ability to distinguish between different fiber populations within a voxel ([@bb0015]). We thus performed whole brain statistical analyses on specific fiber populations in a voxel known as fixel ([@bb0140]; [@bb0145]). The processing steps have previously been fully detailed ([@bb0140]; [@bb0145]) and were performed using the MRtrix software version 0.3.15. The constrained spherical deconvolution (CSD) approach that accounts for non-white matter tissue composition ([@bb0045]) was used to estimate the fiber orientation distribution (FOD) from the averaged response function of all subjects. Twenty controls and twenty patients were used to generate a population template to which all subjects\' FOD was registered. The FODs in the template space were segmented to estimate fiber density (FD), fiber cross-section (FC) and a combination of both, FDC ([@bb0145]). FD relates to the volume of the intra-axonal compartment for a fixel, while FC refers to the volume perpendicular to the fiber bundle. The connectivity-based fixel enhancement (CFE) ([@bb0140]) was used to perform statistical analyses between SCA groups and controls on FD, FC and FDC with 5000 permutations and family-wise error corrected significance at *p* \< 0.05. CFE is a threshold-free cluster enhancement approach that first uses the generated whole-brain template tractogram to identify fixels that are structurally connected and then applies a local smoothing to the tract-specific fixels before statistical maps are generated ([@bb0140]). For each SCA group, a mask was created from regions that showed significant differences in FDC. The mean fixel values within this mask were then calculated for each patient and used for correlation analyses with clinical parameters and the rate of atrophy.

2.7. Statistical analyses {#s0045}
-------------------------

### 2.7.1. Longitudinal analysis {#s0050}

The differences in clinical parameters and volumetric measures between baseline and follow-up within each group were evaluated with linear mixed modeling accounting for repeated measures and using age as a covariate centered on the group mean. Significant results were corrected for multiple testing with Bonferroni correction.

The rate of motor decline (assessed by the SARA score and the CCFS) and the rate of atrophy were evaluated using analysis of covariance whilst controlling for age, and when significant, step-down Bonferonni correction was performed to correct for multiple comparison between each SCA group and the control group.

Finally, the effect sizes over time for clinical scores, manual segmentation and automated segmentation by Freesurfer were calculated as the mean change to the standard deviation of the change ([@bb0150]).$$\mathit{Effect\ size} = \frac{\sum\left( \frac{\left( \frac{\mathit{followup\ value} - \mathit{baseline\ value}}{\mathit{baseline\ value}} \right)}{\mathit{visit\ interval}\ \left( \mathit{months} \right)} \right) \div N}{\mathit{SD}\left( \mathit{change\ in\ value} \right)}$$

Where SD represents standard deviation and N represents number of subjects.

The scale for the effect size was set at 0.2, 0.5, 0.8, 1.2 and 2.0 as small, medium, large, very large and huge changes, respectively ([@bb0030]; [@bb0175]).

### 2.7.2. Cross-sectional analysis {#s0055}

Cross-sectional analyses were conducted on data acquired during the second visit (follow-up), including diffusion weighted imaging not acquired at baseline. Between group differences of clinical and imaging parameters were evaluated using analysis of covariance whilst controlling for age, and when significant, step-down Bonferonni correction was performed to correct for multiple comparison. For each SCA group also, Pearson correlation was performed between diffusion imaging parameters and conventional markers (clinical scores and volumes) with the step-down Bonferroni multiple correction approach; *p* values \<0.05 were considered significant. Finally, the effect sizes of FA and FDC in SCA groups compared to controls were assessed by the Cohen\'s *d* ([@bb0030]).

3. Results {#s0060}
==========

3.1. Clinical scores {#s0065}
--------------------

There was no significant difference in the SARA scores and CCFS across the SCA groups, either at baseline or at follow-up. Patients with SCA showed motor decline with increased SARA scores (patients with SCA1, SCA2 and SCA3) and/or CCFS (patients with SCA3 and SCA7) after a mean interval of 24 months ([Table 1](#t0005){ref-type="table"} and [Fig. 1](#f0005){ref-type="fig"}).Fig. 1Change in clinical scores between baseline and follow-up. All SCA groups showed increased SARA scores that reached significance in SCA1, SCA2 and SCA3. CCFS was also significantly increased in patients with SCA3 and SCA7. Error bars represent standard error of mean (SEM). \* *p* \< 0.05 and ^\#^*p* ≤ 0.01 represent significant differences adjusted for age and corrected with Bonferroni correction.Fig. 1

3.2. Volumetric analyses {#s0070}
------------------------

Manual segmentation was not sensitive to detect longitudinal changes in volume across SCA groups except in SCA3 ([Fig. 2](#f0010){ref-type="fig"}A). Conversely, automated segmentation showed reduced volumes of the cerebellum and pons (*p* \< 0.05) in all SCA groups between baseline and follow-up ([Fig. 2](#f0010){ref-type="fig"}B, C).Fig. 2Change in regional volume after 24 months. Manual segmentation of the vermis showed a significant change in volume in SCA3 only (A). Instead, Freesurfer segmentation showed a decrease in the volume of the cerebellum (B) and pons (C) in patients with SCA over 24 months. Error bars represent standard error of mean. \* *p* \< 0.05, ^\#^*p* ≤ 0.01, and ^†^*p* ≤ 0.001 represent significant differences adjusted for age and corrected with Bonferroni correction.Fig. 2

The rate of motor decline and atrophy between patients and controls were compared using age as a covariate. The rate of change in SARA score was not different from controls in any of the SCA groups ([Fig. 3](#f0015){ref-type="fig"}A), but the rate at which CCFS changed over time was significantly different from controls in SCA3 and SCA7 (*p* \< 0.05) ([Fig. 3](#f0015){ref-type="fig"}B). Using the values obtained from the longitudinal pipeline of Freesurfer, patients with SCA showed a faster rate of atrophy in both the cerebellum and the pons compared to controls (p \< 0.05), with the exception of the cerebellum for patients with SCA7 ([Fig. 3](#f0015){ref-type="fig"}C, D). In SCA1, CCFS correlated with the atrophy rate of the cerebellum (*r* = −0.721, *p* = 0.005) and pons (*r* = −0.766, *p* = 0.004). Furthermore, atrophy rate of the cerebellum correlated with the rate of change in SARA scores (*r* = −0.811, *p* = 0.001) and the atrophy rate of the pons correlated with the rate of change of CCFS (*r* = −0.816, *p* = 0.001). We also observed significant volume differences between patients with SCA and controls for other brain regions such as the pallidum, medulla and midbrain at baseline and follow-up (Supplementary eFig. 2).Fig. 3Rate of motor decline and atrophy of the cerebellum and pons in patients with SCA compared to controls using age as a covariate. The change over time in SARA score was not significant (A) but the change over time of CCFS was significant in patients with SCA3 and SCA7 (B). A faster rate of atrophy was observed in the cerebellum (C) and the pons (D) of patients with SCA compared to controls, with the exception of SCA7 for the cerebellum. \* *p* \< 0.05, ^\#^*p* ≤ 0.01, ^†^*p* ≤ 0.001 represent significant differences adjusted for age and corrected with step-down Bonferroni correction.Fig. 3

3.3. Diffusion tensor imaging {#s0075}
-----------------------------

All SCA groups displayed decreased FA compared to controls, except for patients with SCA7 ([Fig. 4](#f0020){ref-type="fig"}A). Additionally, RD was increased across all SCA groups compared to controls (*p* \< 0.05) ([Fig. 4](#f0020){ref-type="fig"}B). Most of the changes in diffusion metrics were localized to the cerebellar and cerebral peduncles, as well as the pontine crossing tracts. However, the corticospinal tract (CST), corona radiata and internal capsule were also affected in patients with SCA1 and SCA2. Furthermore, the corpus callosum was altered in patients with SCA2. SARA scores correlated with FA in SCA1 (*r* = −0.875, *p* = 0.002) and SCA2 (*r* = −0.807, *p* = 0.019), and with RD in SCA1 (*r* = 0.821, *p* = 0.006), SCA2 (*r* = 0.855, *p* = 0.008) and SCA3 (*r* = 0.686, *p* = 0.013). CCFS correlated with FA in SCA1 (*r* = −0.832, *p* = 0.006), SCA2 (*r* = −0.809, *p* = 0.023) and SCA3 (*r* = −0.653, *p* = 0.024), and with RD in SCA1 (*r* = 0.750, *p* \< 0.001) and SCA2 (*r* = 0.780, *p* = 0.023).Fig. 4Tract-based statistical analysis of FA and RD in SCA and controls. Red-yellow highlights show areas of decreased FA in SCA (p \< 0.05) (A). Blue-pink regions show areas of increased RD in SCA (p \< 0.05) (B).Fig. 4

3.4. Fixel based analysis {#s0080}
-------------------------

The preprocessing steps yielded improved SNR and contrast in the datasets (Supplementary eFig. 3). A visual inspection of the FODs already showed differences between controls and patients with SCA, controls having more fiber orientations in the CST than SCA patients (Supplementary eFig. 4). Using the template fixel mask and template tractogram followed by connectivity-based fixel enhancement statistics ([Fig. 5](#f0025){ref-type="fig"}A), we found significantly decreased FD, FC and FDC in the CST of all SCA patients compared to controls (*p* \< 0.05) ([Fig. 5](#f0025){ref-type="fig"}B). A significant decrease in FD was also observed in the corpus callosum of patients with SCA7 (p \< 0.05) ([Fig. 5](#f0025){ref-type="fig"}B). FDC correlated with SARA scores in SCA1 (*r* = −0.92, *p* \< 0.001) and SCA3 (*r* = −0.752, *p* = 0.004) and with CCFS in SCA1 (*r* = −0.828, *p* = 0.005), SCA2 (*r* = −0.795, *p* = 0.024) and SCA3 (*r* = −0.672, *p* = 0.022).Fig. 5Connectivity-based fixel enhancement on FD, FC and FDC. The fixel mask and tractogram used for the statistics (A). FD, FC and FDC are significantly reduced in the CST of SCA (p \< 0.05 with family-wise error correction) (B). Fiber colours are directional: blue = superior-inferior direction; red = left-right direction; green = anterior-posterior direction.Fig. 5

3.5. Effect sizes {#s0085}
-----------------

Clinical scores and brain volumes were assessed at baseline and follow-up so that longitudinal effect sizes could be calculated in patients with SCA relative to baseline, using the method proposed by ([@bb0150]). Clinical scores showed small effect sizes (\<0.8) whilst brain volume segmentation with Freesurfer showed very large effect sizes (\>1.2) ([Table 2](#t0010){ref-type="table"}). Manual segmentation also showed small effect sizes (\<0.5).Table 2Effect size of clinical scores and brain imaging parameters of controls and patients with SCA.Table 2Clinical scoresBrain volumetrySARACCFSCerebellum (fs)Pons (fs)Vermis (mn)SCA10.830.39−1.71−1.830.15SCA20.770.17−2.16−1.600.17SCA30.790.72−1.47−2.350.28SCA70.050.83−1.31−2.06−0.02Control−0.10−0.18−0.35−0.070.03[^4]

Effect sizes of longitudinal data between baseline and follow-up could not be calculated for DTI and FBA metrics since diffusion data were acquired at one time point only. However, we used the Cohen\'s *d* ([@bb0030]) to evaluate the effect sizes of FA and FDC of patients with SCA in reference to controls. FA and FDC showed very large effect sizes (\>1.2), the effect size of FDC being on an average 1.2 times higher than FA (Supplementary eTable).

4. Discussion {#s0090}
=============

This study compared clinical scores and imaging parameters in terms of sensitivity to change in a unique cohort of patients with SCA1, SCA2, SCA3 and SCA7. Several volumetric and diffusion metrics correlated with SARA scores and CCFS in patients with SCA. Our main finding, though, was that imaging parameters showed higher longitudinal effect sizes than clinical scores in all SCA groups, making them strong candidates for use in upcoming clinical trials in SCA. In addition, we used a new, recently developed approach -- fixel-based analysis (FBA) -- to probe white matter fiber alterations in SCA. FBA allows the analysis of individual fibers in each voxel making it more sensitive and robust compared to FA, the conventional DTI metric. We showed that FA may not be the most accurate or sensitive metric for use in clinical trials as it detected no microstructural change in SCA7. Instead, using FBA, we identified white matter fiber changes in all SCA, including SCA7 despite the small sample size.

Volumetric studies performed in SCA have reported smaller brain regions compared to controls, including the cerebellum, brainstem and cerebellar peduncles ([@bb0055]; [@bb0095]; [@bb0170]). However, the rate of longitudinal volumetric changes, i.e. the relevant outcome measure for clinical trials, has only been extensively reported by ([@bb0150]) in SCA1, SCA3 and SCA6, but not SCA2 and SCA7. In patients with SCA1 and SCA3, Reetz et al. also reported large effect sizes for the SARA scores (\>1.2) and the pons atrophy (\>0.8) but small effect sizes (\<0.8) for the cerebellum ([@bb0150]). Our study confirms the volumetric results of Reetz et al., but in contrast, shows small effect sizes for clinical scores (≤0.8) and large effect size (\>1.2) for the cerebellum of our SCA cohorts. The higher effect size in the cerebellum compared to Reetz et al. could likely be due in part to the higher SNR at 3 Tesla. In addition, some of the patients in our SCA cohort were at a very early stage of their disease and should have only limited cerebellar atrophy. Our findings however suggest atrophy of both the pons and cerebellum, with their large effect sizes, can be used as markers in clinical trials even in patients at a very early stage of the disease. Nonetheless, our findings need to be confirmed in an independent cohort using the same methodologies and high spatial resolution, especially in patients with SCA7 since we had a small sample size.

In patients with SCA2, even though the degree of atrophy was greater, the rate of atrophy of the cerebellum and pons was comparable or slower than in patients with SCA1 and SCA3. This could indicate increased atrophy at the early stages of the disease in SCA2, which slows as the disease progresses. In patients with SCA7, the discrepancy between the rate of clinical progression and brain atrophy was especially striking. In addition to the small sample size, this may be, in part, explained by their relative early symptomatic stage. Nonetheless, SCA7 is a severe disease, as outlined by the common occurrence of additional non-neurological symptoms (retina, heart), so that a fast rate of brain atrophy is expected. Overall, the fact that greater atrophy was observed in patients with SCA using automated segmentation of the cerebellum compared to manual segmentation of the vermis suggests that, though the vermis is very important in SCA pathophysiology, the atrophy is not only limited to this region and the entire cerebellum should be taking into account in volumetric analysis.

Using diffusion tensor metrics, we observed decreased FA across several tracts, except in SCA7, and this was associated with increased RD in all SCA groups. Decreased FA in the corpus callosum of patients with SCA2 is in agreement with previous studies ([@bb0085]; [@bb0120]). In contrast to ([@bb0100]), we did not find any change in FA and RD in the corpus callosum, internal capsule and corona radiata in patients with SCA3. Nonetheless, because FA cannot differentiate between different fiber populations in a voxel ([@bb0015]), higher-order models are needed. To resolve the limitations of FA, Rozenfeld et al. performed fiber tracking using the deterministic approach that assumes that fibers have a single orientation within each voxel and requires prior knowledge of fiber orientation ([@bb0165]). However, one cannot be certain of fiber orientation as each voxel contains several populations of axons that may be oriented in different directions. The deterministic approach is therefore less robust and less sensitive as compared to the probabilistic approach ([@bb0180]), which overcomes the problem of uncertainty in fiber orientation and accounts for multiple fibers in each voxel. ([@bb0100]) and ([@bb0135]) did use the probabilistic approach but with algorithms that have more fiber orientation error rate and low fiber detection rate as compared to the non-negativity CSD approach ([@bb0210]). This is why we chose to implement a novel fiber tract specific analysis, i.e. FBA, on our SCA cohort. FBA has been successfully applied in traumatic brain injury ([@bb0215]), motor neuron disease ([@bb0140]; [@bb0145]) and focal epilepsy ([@bb0200]). In our study, FBA revealed decreased FD in the pontine crossing, CST, cerebral peduncle, internal capsule and corona radiata in patients with SCA1, SCA2 and SCA3. In patients with SCA7, contrary to the results obtained with FA, FD was decreased in the corpus callosum and cerebral peduncles. Together with decreased FC in these regions, decreased FD suggested a reduced number of axons in patients with SCA. Hence, longitudinal FBA data in patients with SCA would be very valuable.

In conclusion, using robust longitudinal volumetry methods that limit user interference and reduce intra- and inter-subject variability, we confirmed imaging biomarkers with large effect sizes in SCA that are promising for therapeutic trials. Though we could not calculate effect sizes on longitudinal DTI and FBA metrics, the current observations indicate that longitudinal effect sizes of FBA metrics will be greater than those of DTI metrics, highlighting their usefulness in clinical trials. Since a single biomarker is likely to fail due to the complexity of the neurodegenerative cascades leading to the onset and progression of SCA, a multimodal biomarkers approach that aims at the integration and visualization of multivariate datasets, could also be applied as we recently showed in our SCA cohort at baseline ([@bb0065]). In addition, although significant, the longitudinal volumetric changes reported here were relatively small. A multimodal approach may enhance sensitivity to change, especially when structural changes would not be detectable over short follow-up intervals ([@bb0035]). Furthermore, these sensitive and robust microstructural methods hold promise for the assessment of patients with other causes of cerebellar ataxia and/or spastic paraplegia.
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[^1]: Data are presented as mean ± standard deviation. ^†^*p* ≤ 0.001 and ^\#^*p* ≤ 0.01 represent significant differences between SCA and controls obtained with the analysis of covariance, controlling for age, and with the step-down Bonferonni multiple correction. There was no difference in demographic parameters between the SCA.

[^2]: Parameters at baseline.

[^3]: parameters at follow-up.

[^4]: fs: Automated longitudinal Freesurfer segmentation of cerebellum and pons; mn: manual segmentation of the vermis. The following key represents the effect size: 0.2: small, 0.5: medium, 0.8: large, 1.2: very large, 2.0: huge changes ([@bb0030]; [@bb0175]).
